Ferro-quadrupole (FQ) order in the non-Kramers Γ 3 doublet system PrTi 2 Al 20 has been investigated via angle-resolved measurements of the specific heat, rotational magnetocaloric effect, and entropy, under a rotating magnetic field within the (110) plane. The FQ transition occurring at 2 K is robust when the magnetic field B is applied precisely along the [111] direction. By contrast, the magnetic field of larger than 1 T tilted away from the [111] direction sensitively changes the FQ transition to a crossover. The energy gap between the ground and first-excited states in the FQ order increases remarkably with the magnetic field in B [001], but hardly depends on the magnetic-field strength, at least up to 5 T, in the field orientation between the [111] and [110] axes. These features can be reproduced by using a phenomenological model for FQ order assuming an anisotropic field-dependent interaction between quadrupoles, which has been recently proposed to explain the field-induced first-order phase transition in PrTi 2 Al 20 . The present study demonstrates the great potential of the field-angle-resolved measurements for evaluating possible scenarios for multipole orders.
der in PrTi 2 Al 20 . 11) A field-induced first-order phase transition was found in the FQ ordered state near 2 T for B [100] and [110] , whereas it was absent in B [111] . Such a highlyanisotropic phase diagram is unexpected for the Γ 3 -doublet system because the magnetic dipole is not active. 12, 13) As a possible origin, competition between the Zeeman effect and multipole interactions was proposed in Ref. 11 , resulting in switching of the FQ order parameters under B. Indeed, by assuming an anisotropic field-dependent quadrupolequadrupole interaction, which is overcome by the Zeeman effect in high fields, the phase diagrams for three field orientations, B [100], [111] , and [110] , have been successfully reproduced by a Landau theory based on the mean-field approximation. 11) However, this scenario is based on a phenomenological assumption whose validity has not yet been established, e.g., from the microscopic theory. Further investigations are necessary to elucidate the FQ order parameters of PrTi 2 Al 20 , both experimentally and theoretically.
In this study, the field-orientation effect on this highlyanisotropic phase diagram of PrTi 2 Al 20 has been investigated precisely from thermal experiments. The specific heat is particularly useful to distinguish between the low-field and fieldinduced FQ phases; a sharp (broad) peak in the specific heat corresponds to an occurrence of the low-field (field-induced) FQ phase because the FQ transition at T FQ changes into a crossover in the field-induced phase due to the predominant Zeeman effect. Our experimental results demonstrate that the broadening of the FQ transition is sensitively induced by a magnetic field of larger than 1 T applied away from the [111] axis. Furthermore, it has been clarified that, when the field angle is in the range between the [111] and [110] directions, the energy gap between the ground and first-excited states in the FQ ordered state is nearly invariant with B, at least up to 5 T. These experimental results can be explained by a phenomenological model including the field-dependent anisotropic quadrupole interaction, which was introduced in C (J / mol K) the previous study. 11) Single crystals of PrTi 2 Al 20 were grown by an Al self-flux method. 7) A single crystal with its mass of 1.258 mg was used in this study, having a small, triangular facet which corresponds to the (111) plane. This (111) sample face was attached on a sample stage of our home-made calorimeter, 14) and it was placed in a dilution refrigerator so that the [110] axis of the sample is roughly parallel to the vertical z direction. A magnetic field was generated within the xz plane by using a vector magnet, and the refrigerator was rotated around the z axis by using a stepper motor which was mounted at the top of the dewar. By using this system, the orientation of the magnetic field can be controlled three-dimensionally. In this study, the magnetic field was aligned precisely parallel to the (110) plane with an accuracy of better than 0.1 • . The field angle φ B is defined as the angle between the [001] axis and the magnetic field.
The specific heat C and the rotational magnetocaloric effect (∂T/∂φ B ) S ,B were investigated by the standard semi-adiabatic method 14) in a rotating magnetic field within the (110) plane. From the field-angle anisotropy in C, it was found that the [110] axis was tilted away from the rotational axis ( z) by approximately 10.6 • . Therefore, in all the field-angle-resolved measurements shown here, we took two processes to rotate the magnetic field within the (110) plane; first, the refrigerator was rotated to a target angle, and then, horizontal and vertical magnetic fields were fine-tuned so that the resulting field orientation is parallel to the (110) plane. During the first process, we precisely measured the relative change in the sample temperature, δT (φ B ) = T (φ B ) − T 0 , upon a semi-adiabatic smallangle rotation of the magnetic field (typically 1 • ). Here, T 0 is the base temperature of the sample. The rotational magnetocaloric effect was evaluated from the initial slope of δT (φ B ) just after starting the field rotation. Then, the field-angle dependence of the entropy S (φ B ) can be obtained from the rela- [111]
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(a) These features are consistent with the previous reports. 7, 15) The broadening of the FQ transition can be more clearly seen in the field dependence of C. . These features can also be confirmed in the C(T ) data (Fig. 1) . This field-insensitive behavior at low temperatures implies that the energy gap between the ground and first-excited states in the FQ ordered state does not change significantly with B.
To provide further insight into the field-orientation effect on the FQ order, the φ B dependence of C has been measured at 0.9 and 1.8 K, as shown in Figs. 3(a) and 3(b) , respectively. The high-field C(φ B ) exhibits a clear cusp at φ B ∼ 54.7 • , i.e., 
which is the same one proposed in Ref. 11 . Here, the conventional CEF potential with the T d point symmetry H CEF , the Zeeman interaction H Z , an exchange interaction between magnetic dipoles H D , a quadrupole-quadrupole interaction H Q , and a small T α octupole-octupole interaction H O are expressed as − On the basis of the present model calculations, the occurrence of a phase transition has been predicted not only in the field scan but also in the temperature and field-angle scans. For instance, a clear phase transition can be seen in C(T ) slightly below T FQ at 1 T in B
[001] [ Fig. 4(a) ] and in C(φ B ) around φ B ∼ 75 • at 3 T and 1.76 K [ Fig. 4(e) ]. Although such anomalies have not been clearly detected from our specific-heat measurements, the latter might be detected via ∆S (φ B ), showing a small step-like change around φ B ∼ 75 • at 3 T and 1.8 K [ Fig. 3(f) ]. This is probably because we directly measured the physical quantity corresponding to the field-angle derivative of the entropy, i.e., (∂T/∂φ B ) S ,B = −T/C(∂S /∂φ B ) T,B , for determining ∆S (φ B ).
As already reported in Ref. 11 , the FQ order parameters with θ = 0 and ±2π/3 are stabilized in zero field or B [111]; when B [001] ([110]), π/2 ≤ |θ| ≤ 2π/3 (θ = 0) is stabilized in the low-field FQ phase and changes to θ = 0 (2π/3 ≤ |θ| ≤ π) in the field-induced phase. Figures 5(a) and 5(b) show the order-parameter angle θ as a function of φ B at 0.32 and 1.81 K, respectively, obtained from the present calculation. The phase transition around φ B ∼ 75 • at 3 T and 1.8 K can be attributed to a change in the order parameter from 2π/3 < |θ| < π to |θ| = π; in the latter phase, spontaneous symmetry breaking does not occur. Furthermore, the field-insensitive behavior in the low-temperature C(T ) for B [110] can be understood as the competition between the H Z and H Q effects; the energy gain owing to the Zeeman effect is counterbalanced with the stabilization of FQ order parameters with |θ| = π, which are unstable in the H Q -predominant (low-field) region. Thus, the recently-proposed model, phenomenologically assuming an unconventional anisotropic quadrupole-quadrupole interaction, is in good agreements with the experimental observations under a rotating B for PrTi 2 Al 20 .
In conclusion, we have investigated the specific heat and entropy of PrTi 2 Al 20 in a rotating magnetic field within the (110) plane. It was found that the FQ transition becomes a crossover in fields larger than 1 T in any direction except for B [111]. Our experimental results support the scenario that the competition between the anisotropic quadrupolequadrupole interaction and the Zeeman effect causes a discontinuous change in FQ order parameters under a magnetic field. The field-angle-resolved thermal measurements can be a useful tool to test order parameters for multiple phases.
